ABSTRACT: Over 25 years, approximately 11 million m 3 of water inflow in the Matsumoto tunnel at the north of Matsumoto city was drained. Water inflow in the tunnel during tunnel construction varied from 1 to 8 m 3 per minute decreasing to 1 to 0.6 m 3 per minute between 1993 and 1995. At present, inflow maintains a rate of 0.6 m 3 per minute. Currently, it remains at 0.6 T.U. (Tritium Unit) and the age of water in flowing into the tunnel has been estimated to be over 30 years old from initial 3 H concentration for surface water which varied from 4 to 10 T.U. As oxygen stable isotope values and HCO3
INTRODUCTION
Many tunnels have been constructed in Japan. Before the construction of a tunnel, groundwater conditions are researched in detail for evaluating the consequences of tunnel construction. However, following tunnel construction, no long term ongoing studies regarding environmental conditions were reported despite a huge number of tunnels being constructed across the country. In contrast to this, studies focusing on the disposal of radioactive waste using deep underground tunnels were conducted in which groundwater flow and water chemistry over a long term were investigated for Miocene marine sedimentary rock at Horonobe in Hokkaido and for granite at Tono in Gifu [1] . However, it was determined that groundwater condition depended on each area's unique geological and topographical features [1] so information regarding how groundwater flow and water chemistry may have been influenced by tunnel construction over a long period was insufficient. Therefore, in this paper, groundwater condition due to tunnel construction starting in 1990 was researched and studied for over 25 years using water chemistry, groundwater level and flow of water inflow in the tunnel.
The Matsumoto tunnel, approximately 2000 m in length, was constructed within a plateau north of Matsumoto city in central Japan as shown in Fig.1 . Tunnel construction began in October 1990 and the tunnel was completed in November 1992 [2] . A Quaternary Period river terrace sedimentary layer is found on the top of the plateau which mainly consists of andesite tuff breccia and sandstone formed in the Miocene period. Water analysis around the tunnel revealed that oxygen and hydrogen isotopes and main soluble substances between water inflow in the tunnel and a dried up spring and well were the almost same [1] . On the other hand, isotope values and main soluble substances for an undried well and spring on the tunnel were different from those for tunnel inflow in the tunnel. Subsequently, water chemistry analysis was able to predict the influence of tunnel construction on the spring and well [2] . During tunnel construction, a tracer test was performed by Br -injection into a borehole and sampling in the tunnel determined effective porosity to be 0.48 % using a three dimensional FEM transport analysis. The effective porosity value was very low relative to porosity, 7 to 15 % for Miocene sedimentary rock [3] . On the other hand, before tunnel construction, effective porosity was measured at 10 % using 3 H concentration for water inflow in the tunnel [4] . Groundwater level and water inflow in the tunnel were studied for 5 years [5] .
METHOD
Around the Matsumoto tunnel, spring, river, well and cutting face water was sampled during tunnel construction. After the tunnel penetrated was completed, total water inflow in and along the tunnel was sampled. Flow rate for water inflow in and along the tunnel was measured from the beginning of tunnel construction.
Main soluble substances, NO3 -, Cl -, Ca
2+
, and SO4 2-concentrations were measured by ion exchange chromatography. HCO3 -concentration was measured by titration and 3 H concentration was measured by liquid scintillation counter. The stable hydrogen and oxygen isotopic ratio were measured by mass spectrometer (Sercon Geo Wet System).
RESULTS

Flow rate of water inflow in tunnel
Measurement of water inflow in the Matsumoto Tunnel began from the beginning of construction and has continued until present. Measurements were performed over 25 years with the amount of water inflow in the Matsumoto Tunnel reaching approximately 11 million m 3 as shown in Fig.2 . During tunnel construction, storage water in rocks from the cutting face was drained and high water inflow was observed. In November 1992 at the tunnel penetrated (when the tunnel went through completely), the amount of water inflow reached 3 million m 3 when 1 million m 3 per years was continually drained as water inflow.
Although, uniform flow rate for water inflow in the tunnel as shown in Fig.2 was recognized after the tunnel penetrated, small changes of water inflow in the tunnel were observed as shown in Fig.3 . Water inflow in the tunnel varied from 1 to 0.8 m 3 per minute from 1993 to 1994 but decreased to 0.6 m 3 in 1995. Currently, water inflow is stable at 0.6 m 3 per minute. However, after 1993, a small change for water inflow in the tunnel was recognized. A time series for water inflow in the tunnel and monthly precipitation are shown in Fig.4 . Monthly precipitation varied from 0 to 400 mm and water inflow was mostly between 0.5 and 0.7 m 3 per minute. Peaks and bottoms for precipitation sometimes seemed to coincide with those values in following months for water inflow although abnormal values due to machine trouble for flow mater were sometimes observed.
Cutting face water during construction
The tunnel was dug from both the east and west with both cutting faces water sampling. Main soluble substances, Ca concentrations around the entrance of the east side were lower than those at other areas and were observed to be extremely high (1200 m) from the west side, HCO3 -and Ca 2+ concentrations in contrast were almost the same value.
As farm houses, rice fields and fruit trees were observed on the plateau, surface water contaminated with NO3 -and Cl -was suspected. 3 H concentration was an indicator of water age. NO3
-, Cl -and 3 H concentrations are shown in Fig.6 . Most 3 H concentrations for water inflow in the tunnel were less than 0.3 T.U. (Tritium Unit) therefore it was thought to be old groundwater reserved in rocks. If 3 H concentration for the recharge water is assumed to be 10 T.U., the traveling time for water inflow in the tunnel is over 50 years. Therefore, as the recharge area was thought to be on top of the plateau because the plateau was divided and isolated by a valley and river, surface water on the plateau infiltrated and gradually migrated into the tunnel level. In this process, NO3 -and SO4 2-were thought to be decomposed under a reductive condition and NO3 -concentration for old groundwater was thought to be under the detection limit and SO4
2-concentration was thought to remain at 50 mg /L [2] .
On the other hand, in some locations, 3 H concentrations were over the detection limit of 0.3 T.U. At a point 700 m from the west side, 3 H concentrations were over 9 T.U. which was the same as surface water, and NO3
-and Cl -concentrations were extremely high. Thus surface water on the plateau was thought to flow directly into the tunnel. Similarly at points 450, 1200 and 1900 m, 3 H concentrations were over 2 T.U. At 1200 m from the west side, SO4
2-concentrations were 250 mg/L and at locations 450 and 1900 m from the west side Cl -concentrations were over 5mg/L relatively higher than the other areas. SO4 2- was also thought to be of agricultural origin because the main fertilizer was (NH4)2SO4. Therefore, at specific points 450, 1200 and 1900 m, surface water was thought to mix with old groundwater and the mixed water was thought to flow into the tunnel.
On the other hand, oxygen isotopic ratio values for cutting face water were -11.3 to -11.7 ‰ as shown in Fig.7 , uniform although hydrogen isotopic ratios were between -79 and -83 ‰. In general, hydrogen isotope values included a large margin of error, but isotope values for cutting face water were uniform.
Dried up spring and well
After the tunnel was completed, some springs and wells around the tunnel dried up. Dried up was confirmed by several samplings and water sampled before drying up was used for analyzing. Fig.8 showed wells, springs, rivers and dried up wells and springs around the tunnel with their average oxygen isotope values. Dried up springs and wells were observed within 1.5 km from the tunnel and the altitude was higher than the tunnel level. However, some wells and springs above the tunnel were not dried up. The average oxygen isotope values for river, spring and well varied from -12.4 to -10.8 ‰. In particular, the oxygen isotope values for the dried up springs and wells were -11.7 to -11.3 which coincided with the average value of -11.6 for water inflow in tunnel.
As shown in Fig.6 , water inflow in tunnel contained high concentration of Ca 2+ and HCO3 -. Ca -and Ca 2+ in mole [2] . The plateau mainly consists of andesite tuff breccia and sandstone formed in the Miocene period [2] . Therefore water inflow in the tunnel and dried up spring and well water were thought to be in contact with rocks for a long time.
To determine the recharge area of water inflow in the tunnel, oxygen and hydrogen isotopic ratios for water samples around the tunnel were measured. Fig.10 showed δD and δ
18
O values for sampled water. Isotope values for dried springs and wells coincided with those for water inflow in tunnel. However, isotopic ratios for deep borehole water and non-dried up springs and wells above the tunnel level were different values. Isotopic ratios for non-dried up springs and wells coincided with those for rivers and ponds around the tunnel and these values were higher than those for dried up springs and wells. Dried up springs and wells and water inflow in the tunnel were thought to be uniform values because of mixing and no evaporation. On the other hand, river, pond and no dried up spring was variable values because of seasonal change and evaporation. Isotopic ratios for deep boreholes were lower than those for the dried up springs and wells. From Figs.1 and 8 , there are higher mountains at the north east of the tunnel and isotopic ratios for river water at the area were lower than those around the tunnel. From isotopic ratios, the recharge area for water inflow in tunnel and dried up spring and well waters were thought to be the mountain area at the north east of the tunnel. The recharge area for deep borehole water was the higher mountain area at the north east of the tunnel. hole was about 750 m and higher than that of M14 spring. Therefore, groundwater level gradually was recovered. From Fig.2 , water inflow in the tunnel was 1000 L/min when most springs dried up in 1992 however since 1995 water inflow in the tunnel has remained at 600 L/min. Following 2005, some springs recovered, and a decrease of water inflow into the tunnel was thought to bring about spring recovery.
Groundwater level and porosity
The total volume for the unsaturated zone was estimated to be 250 million m 3 (2,000 m × 2,500 m × 50 m) to 500 million m 3 (2,000 m × 2,500 m ×100m) from the geographical features and the groundwater level. M14 spring, the farthest dried up spring, dried up in June 1992 and at that time the amount of water inflow into the tunnel reached about 3 million m 3 and specific yield was 0.6 to 1.2 % from volume for the unsaturated zone and total drainage water during that time [6] , [7] . On the other hand, effective porosity for rocks at the Matsumoto Tunnel was determined to be 0.48 % by field tracer testing during tunnel construction [3] . Therefore, effective porosity and specific yield values were almost the same [8] , [9] . Porosities measured from rocks sampled at the Matsumoto Tunnel area were about 10 % [3], [4] . As a result, effective porosity was less than one tenth of porosity and effective porosity was thought to be due to cracks and main pores connecting with the tunnel. The amount of pore water for the unsaturated zone was calculated to be 25 to 50 million m 3 from 10 % pore value and the volume of the unsaturated zone. At present, the amount of water inflow into the tunnel reaches 11 million m 3 . If drainage water from the tunnel is assumed to come from pore water for the unsaturated zone, 56 % ((25-11)/25 = 0.56) to 78 % ((50-11)/50 = 0.78) of pore water still remains in the unsaturated zone. 3 H concentrations decreased after hydrogen nuclear bomb experiments [10] . Therefore, the age of water inflow into the tunnel was estimated to be over 30 years old from initial 3 H concentration for surface water which varied from 4 to 10 T.U. From the cutting face result, some cracks were connected tunnel with surface and at specific points 450, 1200 and 1900 m, surface water was thought to mix with old groundwater and the mixed water was thought to flow into the tunnel during tunnel construction. However after tunnel construction, 3 H concentration remained low and the age of water inflow into the tunnel was old. Therefore, after tunnel construction, surface water is not thought to be drained directly from tunnel through some cracks. After tunnel construction, groundwater level went down and then rocks above the tunnel level was unsaturated. Therefore, pore water confined in unsaturated zone for long term still has been drained from the tunnel after over 25 years of tunnel construction and then the drained water maintained low 3 O values for water inflow in the tunnel were uniform over 25 years. Therefore the water source for water in the tunnel was thought to not have changed but to have remained the same over 25 years.
Long term changes of water chemistry
DISCUSSION
Judging from water chemistry around the tunnel, flow rate for water inflow in the tunnel and spring and well conditions, groundwater level and groundwater sources were estimated as shown in Fig.18 . Before tunnel construction, rock above the tunnel was saturated with water. 2 years later, about 3 million m 3 of groundwater was drained and groundwater level went down. The total rock volume of unsaturated zone was calculated to be 250 to 500 million m 3 from groundwater level estimated from dried up springs and wells. Therefore, specific yield was 0.6 % (3 million m 3 / 500 million m 3 ) to 1.2 % (3 million m 3 / 250 million m 3 ). The specific yield coincided with an effective porosity of 0.48 % as determined by tracer test during construction [3] . Effective porosity and specific yield were one tenth of porosity (10 %). Thus, effective porosity (0.48 %) and specific yield (0.6 to 1.2 %) were thought to indicate cracks or main pores connecting with many pores. Therefore, the decrease of groundwater pressure was brought about by drainage of main pores or cracks.
However, pores in the unsaturated zone still retained a lot of groundwater, 25 million m 3 -3 million m 3 = 22 million m 3 to 50 million m 3 -3 million m 3 = 47 million m 3 just after tunnel construction. After construction of the tunnel concrete liner, drainage flow rate decreased from 1.0 m 3 per minute to 0.6 m 3 per minute. Although groundwater level increased marginally and some dried up springs were recovered because of a decrease in flow rate of the water inflow in the tunnel, fundamentally, a big change in groundwater levels was not found [4] . Drainage water has maintained low 3 H concentration until now even when the total volume of water inflow in the tunnel reached 11 million m 3 . The drainage water was old groundwater. Old groundwater for the unsaturated zone was less than 14 (25 -11 million m as some groundwater was also drained under the groundwater level for maintaining the groundwater level. Therefore, the decrease of groundwater pressure was brought about by drainage of less than one tenth of total pore, effective porosity or specific yield such as main pore or crack water. However drained water after over 25 years of tunnel construction was derived from unsaturated small pore water excluding main pores or cracks. Effective porosity before tunnel construction was measured at 10 % using 3 H concentration for water inflow in the tunnel [3] . 3 H concentrations in tunnel water were under detection limit excluding some points and fundamentally recharged water migrated slowly (flow velocity is 3 m per year) [4] . Effective porosity coincided with porosity (total pore) and total pore is used for groundwater migration when groundwater migrated slowly [5] . Similarly unsaturated pore water was drained slowly. It takes 57 years (25 million m 3 / 11 million m 3 × 25 years) to 114 years (50 million m 3 / 11 million m 3 × 25 years) to exchange old small pore water. The distance between plateau surface (800 m) and tunnel level (600 m) was about 200 m and the pore water velocity was 3.5 to 7 m per year (200 m / 57 to 114 years). Therefore total pore was thought to be used for slow groundwater migration process (flow velocity is 3 to 7 m per year).
On the other hand, Br -tracer was performed during tunnel construction and its flow velocity was 5700 m per year (130 m / 200 hours) [3] .
Groundwater level went down for less than 2 years and then roughly groundwater velocity was calculated 100 m per year from 200 m and 2 years. Therefore, main pores or cracks were important for fast groundwater migration process (flow velocity is over 100 m per year).
From long term observation, groundwater level increased marginally owing to a decrease of water inflow in the tunnel and a Ca 2+ and SO4 2- concentrations for water inflow in the tunnel increased because of soluble of the concrete liner.
CONCLUSION
In 1980, the Matsumoto Tunnel construction at the north of Matsumoto city started at the foot of the Matsumoto Plateau which is isolated by surrounding mountains. 11 million m 3 of water inflow in tunnel has been drained until present. Water inflow in the tunnel was thought to be derived from precipitation on the plateau. H concentrations of river and well water on the plateau were 4 T.U. Therefore, age of water inflow in tunnel was estimated to be over 30 years old from initial 3 H concentrations for surface water which varied from 4 to 10 T.U. Oxygen stable isotope values and HCO3 -concentration of water inflow in the tunnel were uniform over 25 years. Therefore, as stable isotope values for the cutting face and water inflow in the tunnel was uniform until now, the groundwater source is not thought to have changed.
Effective porosity (0.48 %) determined by tracer test and specific yield (0.6 to 1.2 %) calculated by groundwater level change were one tenth of porosity, about 10 % measured by sampled rocks. 25 to 50 million m 3 of water was storage in rocks above the tunnel in the plateau from a 10 % porosity value. However when only 3 million m 3 groundwater, about 1 % effective porosity and specific yield such as main pores or cracks, was drained, groundwater level decreased widely. Br -tracer was performed during tunnel construction and its flow velocity was 5700 m per year [3] . Groundwater level went down for less than 2 years and then roughly groundwater velocity was calculated 100 m per year from 200 m and 2 years. Therefore, main pores or cracks were important for fast groundwater migration process (flow velocity is over 100 m per year).
As the drained tunnel water was low 3 H concentration, the drained groundwater was deemed to be old. Old groundwater in the unsaturated zone above the tunnel level was determined to be less than 22 to 47 million m 3 . 11 million m 3 after over 25 years of tunnel construction was thought to be drained from the unsaturated zone above the tunnel and still less than 14 to 39 million m 3 of old groundwater was thought to be reserved. Unsaturated small pore water above the tunnel level was drained mainly after tunnel construction slowly. It takes 57 to 114 years to exchange old small pore water and the pore water velocity was 3.5 to 7 m per year. Effective porosity before tunnel construction was measured at 10 % using 3 H concentration for water inflow in the tunnel under the slow flow velocity condition, 3 m per year [4] . Effective porosity coincided with porosity (total pore) and total pore is used for groundwater migration when groundwater migrated slowly [5] . Therefore total pore was thought to be used for slow groundwater migration process (flow velocity is 3 to 7 m per year).
From long term observation, groundwater level increased marginally owing to a decrease of water inflow in the tunnel and a SO4 2-and Ca
2+
concentration increase was found because of the solubility of tunnel liner concrete.
